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foot (or mile) 
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tion 
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Weight = mg 
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m/s 2 or 32.1740 ft./sec. 2 

Mass ■= — 
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Moment of inertia =»mP. (Indicate axis 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 



gravity = 9.80665 



of 



GENERAL SYMBOLS 

v, Kinematic viscosity 
p, Density (mass per unit volume) 



Standard density of dry air, 0.12497 kg-m-'-s 2 at 

15° C. and 760 mm; or 0.002378 lb.-ft." 4 sec. 2 
Specific weight of "standard" air, 1.2255 kg/m 3 or 
0.07651 lb./cu.ft, 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure ^pF 2 

Lift, absolute coefficient C L • 

Drag, absolute coefficient C D • 

Profile drag, absolute coefficient C D . ■ 



AERODYNAMIC SYMBOLS 

i w , Angle of setting of wings (relative to thrust 
line) 

i t) Angle of stabilizer setting (relative to thrust 
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Resultant moment 
Resultant angular velocity 



D 
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Do 

\S 

Induced drag, absolute coefficient Cz>« — 
Parasite drag, absolute coefficient C^ — ^ 

(j 

Cross-wind force, absolute coefficient 
Resultant force 



a, 

VI 



Oto> 
«<> 

Yi 



Reynolds Number, where I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
Flight-path angle 
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SUMMARY 

Fuel injected into a spherical bomb filled with air at a 
desired density and temperature could be ignited with a 
spark a jew thousandths of a second after injection, an 
interval comparable with the ignition lag in fuel-injection 
engines. The effect of several variables on the extent and 
rate of combustion was investigated: Time intervals be- 
tween injection and ignition of fuel of 0.003 to 0.06 
second and one of 5 minutes; initial air temperatures of 
100° C. to 250° C; initial air densities equivalent to 5, 
W, and 15 absolute atmospheres pressure at 100° C: 
and air-fuel ratios of 5 to 25. 

The 5-minute interval between injection and spark 
permitted the fuel to vaporize completely; for the shorter 
periods the explosion took place with liquid-vapor mix- 
tures. For the short periods, the time of reaction in- 
creased as the period was increased and the response of 
combustion to changes in the initial conditions was more 
marked than it was for the long period, indicating the 
significance of distribution and vaporization. An in- 
crease in initial temperature decreased the time of reac- 
tion for both types but increased the extent of combustion 
for only the short-period mixtures. For the uniform 
vapor-air explosions, an increase in air density lengthened 
the reaction time. For the nonuniform liquid-vapor-air 
explosions, an increase in air density from 0.00473 to 
0.0095 gram per cubic centimeter {equivalent to 5 and 10 
atmospheres pressure at 100° C.) shortened the time of 
naction but (unth the exception of the tests at 100° C), 
as the density was increased to 0.0142 gram per cubic 
centimeter (equivalent to 15 atmospheres pressure at 
100° C), the reaction time tended to lengthen. The 
leanest mixture that would explode with a delay period 
of 5 minutes corresponded to an air-fuel ratio of 20.7 . 
For a delay period of 0.004 second it corresponded to 
one of 25. The reaction time was a minimum and the 
maximum pressure a maximum at an air-fuel ratio of 10 
far the delayed explosions. At the higher densities and 
temperatures, tin two types of explosions acted more alike. 

INTRODUCTION 

The National Advisory Committee for Aeronautics 
has carried out investigations of the formation, pene- 
tration, and combustion of fuel sprays. The N. A. C. 
V combustion apparatus (reference 1) has been used to 
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photograph the combustion of fuel under conditions 
analogous to those existing in the combustion chamber 
of a high-speed compression-ignition engine. This 
apparatus has ;ilso been used for an investigation in 
which the injected fuel was ignited by a spark (reference 
2). The individual eiVects of such variables as the time 
interval between the injection and the spark, the air 
temperature, the air density, and the turbulence can- 
not, however, be determined with the combustion 
apparatus. 

An analysis of the effects of such variables on the 
combustion of fuel sprays w r ould be very helpful in 
explaining the phenomena observed in engines. A 
spherical bomb was therefore constructed into which 
the fuel could be injected under varying conditions and 
be ignited by a spark at any desired time after injection. 
Homogeneous mixtures of vaporized fuel and air can 
be obtained by allowing sufficient time to elapse between 
injection and ignition and the combustion of such uni- 
form mixtures can be compared with the combustion of 
nonuniform mixtures of liquid fuel, fuel vapor, and air. 

The combustion apparatus has recently been utilized 
for tests in which ignition was effected by compression 
(reference 3). When compared with the data of 
reference 2, the results indicated that the data obtained 
with spark ignition w r ould be useful in studying com- 
bustion obtained by compression ignition. The results 
obtained with the bomb, particularly those at high 
temperatures and pressures, should be an aid in inter- 
preting phenomena in compression-ignition engines. 
The present paper covers the results obtained when 
a hydrogenated safety fuel was used in the spherical 
bomb and the conditions varied. The tests were 
conducted at the Langley Field laboratories during 
the winter of 1933-34. 

APPARATUS AND METHOD 

THE BOMB AND AUXILIARY EQUIPMENT 

The spherical bomb designed for this investigation 
is constructed of stainless steel and has a volume of 
600 cubic centimeters. The bomb is equipped with 
an optical type pressure indicator, a spark plug, an 
injection valve, and an air inlet and exhaust fitting. 
The bomb is immersed in a liquid bath thermostati- 
cally controlled to within 1° C. Tests showed that 

1 
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after the bath temperature had been held constant for 
1 0 m in ai cs y no appreciable difference could be detected 
between the temperature of the air within the bomb 
and that of the hath. The assembled test apparatus 
is show n in figure L. Fuel is sprayed into the bomb 
(fig. 2) through a 1 3-orilice nozzle (fig. 3) designed 
according to the recommendations of Spanogle and 
Foster (reference 4). 

The experimental arrangement is showD by the 



sketch of figm 



The system consis 



a lugn- 



the reservoir. The fuel weight can be controlled 
within ±2 percent. The fuel is circulated under 
pressure through the injection valve by a pump in 
order to control the temperature of the fuel at the 
valve. The temperature of the fuel was maintained 
at 45° C. in all the tests. 

The electrodes of the spark plug were extended by 
nichrome wires ending in ni chrome balls 2.5 milli- 
meters in dia meter. The spark gap was kept adjusted 
to about 0.46 millimeter, as less clearance apparently 




Figure 1.— The assembled apparatus. 



pressure hand pump, a reservoir, a poppet valve, an 
injection valve, and a clutch mechanism for operating 
the poppet valve. The clutch, is engaged by pulling n 
trip lever; the camshaft then makes a single revolu- 
tion. The pressure of the fuel a hove the poppet 
valve is sufficient to hold it closed as the spring is 
compressed by the cam follower. When the cam fol- 
lower strikes the valve and opens it slightly, the pres- 
sure is no longer effective and the compressed spring 
completes the opening of the valve very rapidly. A 
pressure wave then traverses the injection tube to 
the injection valve, causing the injection of the fuel. 

The fuel quantity may be changed by varying the 
pressure in the reservoir or by changing the size of 



caused considerable difficulty in igniting the mixture. 
The spark gap was located at the center of the bomb, 
and the injection valve was so mounted that the 
spray from the center orifice of the nozzle impinged 
directly upon the gap. This arrangement insured 
the presence of fuel at the spark gap but, because of 
the wetting of the plug, it necessitated the use of a 
heavy spark discharge. The timing of the spark with 
respect to the spray could be varied by the phase- 
changing device indicated in figure 4. This device 
permitted a variation in spark timing from 0 to 0.063 
second after injection start. Longer intervals had to 
be manually timed, and the range between 0.063 second 
and about 10 seconds could not be investigated. 
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J ii order to set the timing of the spark with respect 
to the spray, the spark-timing switch was connected 
as the switch for a aeon-tube stroboscope and the start 
of injection was then vrisually determined. These 
-ctiings were checked by wrapping heavy paper around 
a pulley, mounting the injection valve and the end 
of the ignition cable just above the pulley, and making 
an injection against the paper while the pulley was 




Figure 2.— The homh assembled with the optical indicator. 

turning at a known speed. The timing of (lie spark 
with respect to the spray was determined by measuring 
the distance between the mark of the spark and the 
mark of the injection. As a result of these tests it is 
estimated that the spark timing did not vary more 
than 0.0001 second for any one setting of the switch. 

The pressure indicator is of the optical type and has 
been described in reference 3. The two diaphragms 
used in the test were designed for pressures of the order 
of 70 and 120 atmospheres. The natural frequencies 
of the diaphragm and the optical gear were 9,600 and 



11,000 vibrations per second, respectively. The 
indicator was calibrated by means of a dead-weight 
gage tester at temperatures up to 250° C. The film 
speed used during most of the tests was 100 inches per 
second, but a few tests were made with a film speed of 
33 inches per second. The indicator is provided with 
a spark gap for recording the time of passage of the 
isrnit inu* spark. 
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Sec i ion A 0B' 
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Fig uk k 3. — The 13-orifice nozzle. Plane DD' is identical with BB' and plane CC 
is identical with AA\ 

THE FUEL 

Hydrogenated safety fuel (reference 5) was used 
throughout these tests. The properties peculiar to 
this fuel are its high octane number and its high flash 
point (41° C. as compared with -32° C. to -43° C. 
for gasolines). The percentage of aromatic and naph- 
thenic compounds is much higher in hydrogenated 
fuel than it is in ordinary straight-run or cracked 
distillates. The results of actual engine tests con- 
ducted at this laboratory with the safety fuel are 
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A, air gage 

B, bimetal strip 

C, bomb 

D, cam 

E, check valve 

F, clamping rings 

G, clutch 

H , condenser, 8 microfarad 

I , contact point 
J, cooling coil 
K, exhaust 



L, film drum 

M , from air bottle 

N , from high-pressure pump 

O, fuel circulating pressure gage 

P, fuel high-pressure gage 

Q , fuel reservoir 

R. gear pump 

S, heating coil 

T, high-pressure reservoir 

U , holder for bomb 

V. indicator diaphragm 



W, injection tube 

X, injection valve 

Y, lamp 

2, lens 

A', motor 

B', oil bath 

C\ orifice, 0.020-inch 

D', phase-changing gears 

E'. pivoted mirror 

F', poppet valve 

G', relay 



H\ resistance lamps 

I', spark coil 

J', spark gap 

K', spark plug 

L'. spark-timing switch 

M\ stirrer 

N', synchronous motor 
O', thermometer 
P', voltage 220 a. c. 
Q', voltage 230 d. c. 



Figure i. — Diagram of the apparatus. 






Figure 5.— Effect of time interval ( T, — 7\) between injection and spark. Initial air temperature, 200° C; initial air pressure, 6.3 atmospheres, absolute; air-fuel 

ratio, 15. 
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presented in reference 6. 
are listed below: 



The properties of the fuel 



Properties of hydrogenated safety f uel 

Specific gravity 0. 882 

Initial boiling point 156° C. 

50 percent point 180° C. 

80 percent point 190° C. 

90 percent point 193° C. 

Final boiling point 206° C. 

Recovery, percent 99 

Octane number 1 95 

Flash point (Abel closed-cup method) 41° C. 

Percentage carbon 88. 5 

Percentage hydrogen 11.5 

Heat of combustion 2 (constant volume at 30° C), 

calories/gram - 10, 400 

ANALYSIS OF RECORDS 

The data obtained from the pressure-indicator 
records included the time from the injection to the 
spark (T s —Ti)> the time from the spark to the start 
of pressure rise, the time for completion of the total 
reaction when possible, and the time for the comple- 
tion of a definite percentage of the reaction, as well as 
the time ol attaining the maximum pressure. (See 
table I.) In the determination of the time for the 
attainment of maximum pressure, the line recorded 
by the passage of the spark was considered zero. 

Difficulty was encountered in the determination of 
the time of attainment of maximum pressure owing 
to the long duration of a more or less constant pressure 
(fig. 5) at the end of the explosion when the rate of 
heal input is apparently balanced by the rate of heat 
loss. Owing to tin 4 uncertainty of the location of the 
point of maximum pressure, for comparative purposes, 
another point in the pressure-time curve was arbi- 
trarily chosen at P=2.5 P„ where P< is the initial 
pressure. In figure 6 both the time interval from the 
spark to 2.5 P, and the interval from the spark to 
maximum pressure are plotted for the delayed explo- 
sions. As figure 7 show-, no difficulty was experienced 
in determining the location of maximum pressure tor 
these explosions. E%ure 8 shows that, for compara- 
tive purposes, the chosen time interval (T2.tp t —T a ) 
may be used as an equivalent of the total time between 
the passage of the spark and the attainment of maxi- 
mum pressure (T Pmax —T s ). 

1 Determined against iso-octanc and heptane blends on series 30 Ethyl Gasoline 
Corporation test engine; jacket temperature, 300° F.; engine speed, 600 r. p. m.; 
compression pressure, 190 to 200 pounds per square inch. 

2 Determined by the National Bureau of Standards. 



Owing to the change in the specific heats with tem- 
perature, the percentage of reaction does not remain 
constant for the same P/P< ratio at different initial 
temperatures. Assuming that the products of the 
reaction are C0 2 and H 2 0 and using Lewis and Ran- 
dall's values for the specific heats of gases (reference 7) 
and Cragoe's values for the specific heat of the fuel 
(reference 8), the following results are obtained: 



Percentage reaction 
P=2.5 P. 



Temperature 
°C. 

100 17. 3 

150 20. 0 

200 22. 4 

250 25. 8 

I E the time necessary to achieve a definite percentage 
of reaction had been chosen instead of the time neces- 
sary to reach 2.5 P,, the same trends would have been 
observed qualitatively. 
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Air -fuel ratio 

Figure 6 —Effect of air-fuel ratio on maximum pressure ratio and time of reaction. 
Time interval between injection and spark (T.-Ti), 5 minutes; initial air tem- 
perature, 0.; initial air pressure, G.3 atmospheres, absolute. 

TEST RESULTS 

The test results are summarized in table 1. The 
d a ta are not complete at 100° C. because ignition 
would not take place over a complete range of time 
intervals between the injection of the fuel and the 
passage of the spark. The three densities used at 
each temperature (100°, 150°, 200°, and 250° C.) were 
equivalent to 5, 10, and 15 atmospheres absolute pres- 
sure at 100° C. and shall hereinafter be referred to as 
5, LO, and 15 atmospheres. At a density of 5 atmos- 
pheres the range extended from 0.003 to 0.020 second : 
at L0 atmospheres the limits were from 0.003 to 0.052 
second; and at a density of 15 atmospheres the range 
was from 0.004 to 0.056 second. At all other tem- 
peratures the mixture would explode throughout tlx 4 
entire range investigated, after the limiting value in 
spark timing, at 0.003 or 0.004 second after injection. 
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Figure 7— Effect of air-fuel ratio. Initial air temperature, 200° C; initial air pressure, 6.3 atmospheres, absolute; interval between injection and spark, 5 minutes 
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Table I. — THE RATE AND EXTENT OF COMBUSTION 
FOR HYDROGENATED SAFETY FUEL INJECTED 
INTO AIR AT DIFFERENT DENSITIES 

[Air-fuel ratio, 15] 







Time intervals between— 


Maximum pressure 
I nitial pressure 

PmaxfPi 


Initial 
tempera- 
ture 


Initial 
pressure 
Pi (abs.) 


Injection 
and spark 
(T.-Ti) 


Spark 
and start 
of pres- 
sure rise 


Spark and 
2.5 initial 
pressure 
iTtip r T.) 



DENSITY OF 5 \ T M < >S I' HERBS (REFERRED TO LOO C 





Atmos- 










0 c. 


phere* 


Seconds 


Second 


Second 




100 


5.0 


0. 0040 


0. 0055 




1.5 




.00X0 


. 0075 




2.4 






.0120 


(') 


V) 


(') 


150 


5.7 


. 0040 


0055 


0.0155 


3.3 






.00X0 


. 0070 


. 0290 


3.3 






.0120 


.0103 


. 0375 


3.3 






. 0630 


(') 


.27 


3. 75 






300 


.0140 


. 0240 


6.2 


200 


0.3 


.0040 


. 0030 


.0085 


3.4 






.0080 


. 0045 


. 0095 


4.0 






.0120 


. 0045 


.0140 


3.9 






.0630 


.0385 


.0540 


4.3 






300 


.0100 


. 0205 


5.7 


250 


7.0 


. 0040 


. 0030 


. noon 


3.6 






. OOSO 


. 0030 


.0085 


3.8 






.0120 


. 0035 


. 0095 


3.9 






.0030 


OI20 


.01.50 


4.2 






300 


.0100 


. 0205 


5.3 


DENSITY OF 10 ATMOSPHERES 


(REFER RE 


I) to ioo° C.) 


100 


10.0 


0.0040 


0. 0040 


0.0125 


4.2 






. ooxo 


. 0005 


. 0275 


4.0 






.0120 


. 00X5 


. 0305 


3.8 


150 


11. 4 


.0040 


. 0035 


. 0100 


4.2 






.0080 


. 0040 


.0120 


4.5 






.0120 


.0070 


.0175 


4.2 






. 0630 


. 0785 


. 1355 


4.1 






300 


.0115 


.0295 


6.0 


200 


12.7 


. (HMO 


.0025 


. 0050 


4.4 






.01 ISO 


.0040 


. 0095 


4.4 






.0120 


. 0050 


.0105 


4.5 






. 0630 


.0130 


. 0325 


4.6 






300 


. 0090 


. 0200 


5.6 


250 _ 


14. 0 


.0040 


. 0020 


. 0045 


4.3 






.ooso 


. 0025 


. 0055 


4.3 






.0120 


. 0025 


. 0075 


4.4 






.0030 


. 0060 


.0175 


4.9 






300 


0110 


.0200 


5.1 


DENSITY OF 15 ATMOSPHERES (REFERRED TO 100° O.) 


100 


15.0 


0. 0040 


0. 0040 


0. 0095 


5.0 






.0080 


.0075 


. 02.50 


4.5 






.0120 


.0075 


. 0275 


4.5 


150 ... 


17.0 


.0040 


. 0030 


. 0070 


4.9 






.0080 


.0060 


.0150 


4.6 






.0120 


.0070 


.0195 


4.3 






. 0030 


. 0575 


. 1015 


4.1 






300 


.0175 


. 0425 


5.8 


200- 


10. 1 


.0040 


. 0020 


. 0055 


4.7 






.0080 


. 0035 


.0080 


4.5 






.0120 


. 0055 


.0125 


4.5 






.0030 


.0480 


. 0695 


4.5 






300 


.0100 


.0320 


5.5 


250 


21. 1 


.0040 


.0020 


.0045 


4.6 






.0080 


.0025 


.0055 


4.6 






.0120 


.0040 


.0075 


4.7 






.0630 


.0150 


.0240 


5.2 






300 


.0080 


.0245 


5.5 



I Value not measurable. 

MAXIMUM PRESSURES 

The ratio of maximum pressure to initial pressure 
(Pmax/Pi) is tabulated for the various temperatures 
and pressures because this ratio is indicative of the 
extent of effective combustion. No attempt has been 
made to correct the values of the maximum pressure 
for heat losses, although the time required to attain 
maximum pressure varies. 

It will be noted from the table that the ratios of 
maximum to initial pressure for the so-called "delayed " 




5 10 15 

Equivalent density in atmospheres of IOO °C. 

Figure 8.— Effect of air density on time of reaction. Air-fuel ratio, 15. 
(a) Time required for pressure to reach 2.5 Pi. T,-T iy 0.004 and 0.012 second. 
(6) Time required for pressure to reach 2.5 P,. T,-Ti, 5 minutes, (c) Time 
required for pressure to reach maximum. IV— TV, 5 minutes. 



8 



REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



explosions (spark occurring several minutes after in- 
jection of the fuel) greatly exceed those for the ex- 
plosions with short time intervals between injection 
and ignition, this effect being more marked at low 
temperatures and air densities. For those mixtures 
exploding at a very short time after injection, the 
pressure ratio (P ma x/Pi) increases with increased air 
density and, in general, increases with increased 
temperature. On the other hand, for the delayed 
explosions the pressure ratio decreases with increased 
temperature. The delayed explosions exhibited no 
definite trend of P max IPi with change of density al- 
though, in general, the ratio decreased slightly with 
an increase of density. 

For the delay period of 0.004 second the variation 
of maximum pressure with air-fuel ratio was direct; 
whereas for the delayed explosions the maximum pres- 
sure ratio readied a maximum value at an air-fuel 
ratio of 10. The leanest mixture that would explode 
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Figure 9.— Effect of air-fuel ratio on maximum pressure ratio aud on time <>f reac- 
tion. Tt^ Ti, 0.004 second; initial air temperature, 200°C; initial air pressure, 
6.3 atmospheres, absolute. 

with a delay period of 5 minutes (figs. 6 and 7) corre- 
sponded to an air-fuel ratio of 20.7. With a delay 
period of 0.004 second (fig. 9) an air-fuel ratio of 25 
would explode. 

With air-fuel ratios in the neighborhood of 10 in 
the case of delayed explosions, the reaction was. in 
fact, so intense in this range that severe vibrations 
were set up which continued for some time after the 
maximum pressure was attained (see fig. 7). The 
explosions were accompanied by a high-pitched whistle 
or "squeak." The frequency of the vibrations was 
approximately 6,000 per second. The appearance of 
the highest frequency at the point of greatest pressure 
(that is, highest temperature) indicated thai the vibra- 
tions were actually in the gas. 

TIME OF REACTION 

The values for the time interval T, - >r> —T s are tab- 
ulated for all conditions except that of a pressure of 
5 atmospheres and a temperature of 100° C. where 
the pressure never reached 2.5 times its initial value. 
Under the same temperature and pressure conditions 
the shortest reaction time corresponds to the shortest 



T s —T f interval; as the time between the injection of 
the fuel aud the passage of the spark increased, the 
rate of pressure rise decreased and the time between 
the occurrence of the spark and the beginning of a 
perceptible rise increased. The typical series of rec- 
ords shown in figure 5 illustrates this trend. As the 
temperature increases, the time I2.5P.— T s decreases. 
An increase in air density at first decreases the time 
of reaction for the liquid-vapor-air explosions but, at 
the higher densities and the temperatures above 100° 
C, there is a tendency for the interval to lengthen 
with further increase in density. For the vapor-air 
explosions, an increase in air density increases the time 
of reaction. It will be seen that, notably at the lower 
temperatures, the time between the spark and the at- 
tainment of a pressure equal to 2.5P* was sometimes 
shorter for the delayed explosions than it was for some 
of the others. If the maximum /ales of pressure rise 
are compared, however, the delayed explosions always 
yield the higher values because the reaction autoac- 
celerates and the delayed explosions attain the higher 
\)n>>>ures. The effect of fuel concentration on reac- 
tion time is shown in figures 6 and 9. For the delayed 
explosions, the reaction time was a minimum al an 
air-fuel ratio of 10. 

SUMMARY OF TEST RESULTS 

The test results may be summarized as follows: 
For the explosions having T s —T t periods between 
0.003 and 0.06 second, the extent of effective combus- 
tion, as measured by /' /',— 

varied directly with temperature; 
varied directly with density : and 
varied directly with fuel concentration. 
The time of reaction — 

varied directly with the T 8 —Ti interval; 
varied inversely with temperature; 
raided inversely with density at low densities 
and directly with density at the higher densi- 
ties; and 

varied inversely with fuel concentration. 
For the explosions having a T T period of 5 
minutes, the extent of effective combustion 

varied inversely with temperature owing to 

changing specific heats; 
exhibited no definite trend with increase of 
density but tended to decrease slightly; and 
reached a maximum at an air-fuel ratio of 10. 
The time of reaction — 

varied inversely with temperature; 

varied directly with density ; and 

reached a minimum at an air-fuel ratio of 10. 

PRECISION OF RESULTS 

ExceUent agreement was generally obtained be- 
tween records taken under the same conditions. 
With a T s —Ti period of 0.063 second, however, the 
variation in the time of reaction sometimes niched 
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50 percent. The usual variation of the maximum 
pressure was between 2 and 3 percent with a maxi- 
mum variation of 10 percent. The maximum pres- 
sure could be measured within one-half atmosphere. 
Time intervals could be measured on the film drum 
to within 0.0005 second as the film drum was driven 
by a synchronous motor. 

When a number of records were taken without clean- 
ing the bomb, the time of reaction increased. The 
inside of the bomb was therefore never allowed to 
accumulate a coating of carbon but was cleaned \ n \ 
thoroughly after every few tests. At least one test 
for each condition was made with the clean bomb. 
The usual procedure was to make a test with the 
clean bomb and fchen to make several check tests with 
the bomb uncleaned but flushed thoroughly with air. 
The tabular data represent the average of at least 
three records for each recorded value; the conclusions 
result from the trends exhibited by approximately 
(>50 individual records. 

DISCUSSION 

The validity of drawing analogies between the com- 
bustion in a fuel-injection engine and the combus- 
tion of a homogeneous mixture of fuel and air can be 
judged from these results. With respect to each 
variable considered — air temperature, air density, and 
air-fuel ratio — the behavior of the vapor-air mixture 
differs from that of the liquid-vapor-air mixture. It 
must not he forgotten, however, that the tempera- 
tures encountered in an engine at the moment of igni- 
tion are considerably higher than the corresponding 
temperatures used in these* tests. When the initial 
density is comparable with densities in an engine (the 
two higher densities correspond to compression ratios 
of 7.9 and L1.8, respectively), the two types of explo- 
sion become more similar in behavior, particularly ;it 
the higher temperatures. 

VARIATION IN TIMING 

As the time between injection of the fuel and passage 
of the spark was increased, the rate of pressure rise 
decreased considerably, accompanied by an increase 
in the time hctween tin 4 spark and t he st art of pressure 
rise The phenomena are similar to those found with 
the X. A. C. A. combustion apparatus (reference 2), 
and at the time of the reported tests an explanation 
was suggested on the basis of a change in the composi- 
tion of the mixture with increased time due to vaporiza- 
tion and decomposition of the fuel. In the present 
tests, however, it is believed that the temperatures were 
too low for the occurrence of appreciable decomposition 
(references 9 and 10). 

An analysis of the significance of the time variable 
presents the following potential effects: (1) change in 
distribution of fuel with a consequent change in the air- 
fuel ratio al the point of ignition; (2) increase in quan- 



tity of fuel vaporized, which may involve a change in 
the ratio of air to fuel vapor, a greater predominance of 
the rate of homogeneous reaction over the heteroge- 
neous liquid-air surface reaction if the latter exists, and 
perhaps a change in composition of the vapor because 
of preferential vaporization of certain components; (3) 
chemical reactions occurring before ignition, which in- 
clude preflame oxidation, decomposition of the fuel, 
formation of highly activated molecules of very short 
life; and (4) change in the degree of turbulence, gradual 
decrease after the primary disturbance due to injec- 
tion. Although no satisfactory explanation of the 
phenomena has been found, a brief discussion of the 
foregoing possibilities will be given here. 

The first possibility was eliminated by the tests 
varying the air-fuel ratio. Although the rate of pres- 
sure rise varied with the air-fuel ratio, the initial rate 
for the delayed explosions, regardless of the air-fuel 
i. it lo, was never as great as it was for the short T s — T t 
periods. Even the maximum rate of pressure rise of 
the delayed explosions did not exceed that of some of 
the short-interval ones, as shown by the records for an 
air density of 15 atmospheres and a T s — r l\ period be- 
tween 0.003 and 0.004 second in which the maximum 
rate of pressure rise was as great as the highest maxi- 
mum rate obtainable with the delayed explosions, 
namely, that at an air-fuel ratio of 10. (See fig. 7.) 
The time lag preceding the start of pressure rise was 
longer for the delayed explosions. (See figs. 5 and 7.) 
These comparisons conclusively prove that the air- 
fuel ratio is not the sole cause of the variation in pres- 
sure rise observed with different timing. 

The second possible explanation, a predominance of 
the homogeneous over the heterogeneous reaction, im- 
plies the existence of a greater percentage of the fuel in 
the vapor- phase and also assumes thai the rate of the 
homogeneous reaction is slower than that of the heter- 
ogeneous reaction (an assumption that is, a priori, 
very doubtful). At least qualitatively, an increase in 
temperature with the same T 8 —Tt period should he 
equivalent to increasing the 1\ V, period and holding 
the temperature constant. Quantitatively, the effect 
would depend somewhat upon the relative temperature 
coefficients of the reactions. It is obvious, however, 
from the data that an elevation of the initial tempera- 
ture decreases the time and increases the rate of re- 
action; whereas an increase in the time interval be- 
tween injection and spark has the reverse effect. It 
may therefore be concha I e< I that an increase in the pro- 
portion of fuel in the vapor phase does not account for 
the decrease in the rate of reaction unless an increase in 
initial temperature in some way has an effect unrelated 
to vaporization thai more than compensates the effect 
of increased vaporization. 

The possibility of chemical reactions occurring be- 
fore ignition was not investigated. Such reactions 
would normally he expected t<> increase the rate of 
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pressure rise with increased time before ignition as well 
as to shorten the lag between the spark and the start 
of pressure rise. In order to explain the observed 
phenomena, it is necessary to postulate a preflame 
reaction that is detrimental to the flame reaction. If 
the presence of highly activated, ims table, intermed- 
iate compounds were ascertained, whose concentration 
decreased with time due to their short life, the reaction 
might 1)0 expected to proceed more slowly as the 
T 8 —Ti period were lengthened. Various invcstiga- 
gators have suggested the primary formation of such 
intermediate compounds (reference L0), but their exist- 
ence as well as their behavior remains a controversial 
point. 

Injection of the fuel undoubtedly introduces some 
turbulence in the medium; this turbulence decreases 
with increase of time after injection. Turbulence lias 
been found to increase the rate of reaction (reference 
1 1 and reference 12, p. 243). In an engine the amount 
of t urbiilenre set up by the injection of the fuel is 
negligible in comparison with the turbulence induced 
by the air intake and the piston movement. Were 
the effects of the variation in timing in tlx 4 bomb to be 
attributed solely to turbulence, it would be necessary 
to view them as phenomena entirely unrelated to the 
effects of variation of the injection advance angle on 
the rate of combustion in the N. A. C. A. combustion 
apparatus (reference 2). 

EFFECT OF TEMPERATURE 

When discussing the effect of temperature on an 
explosive reaction, tin 4 initial temperature of the 
mixture must be clearly distinguished from the tem- 
perature of the explosive reaction, thai is, the flame 
temperature. The initial temperature is primarily 
significant in the initial stages of the reaction, particu- 
larly when a liquid fuel is used and when heat transfer 
and vaporization are of importance. As a result, the 
temperature has a much greater influence on the 
heterogeneous reactions, that is, the reactions in 
which the spark occurs very shortly after injection, 
than on the homogeneous reactions with a completely 
vaporized fuel. The term "homogeneous" as used 
here is meant to eliminate the possibility of a hetero- 
geneous liquid-gas reaction, not a reaction at the wall 
of the bomb. 

Temperature does, nevertheless, affect the rates of 
the fuel-vapor-air explosions (delayed explosions) 
somewhat and also affects the maximum pressure 
attainable, owing to changes in the specific heats of 
gases with temperature. The calculations of maxi- 
mum pressure attainable, based on the specific heats 
given by Lewis and Randall (reference 7) and on the 
heat of combustion (10,400 calories per gram at 30° C.) 
determined by the National Bureau of Standards, 
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yield the following results for an air density of 5 
atmospheres. 



Temperature 






Calculated 


Experimental 


°C. 






100 


7.9 




150 


7. 0 


6.2 


200 


fi. 




250 


5.8 


5. :i 



Corrections have been made for the increase in the 
number of molecules on the assumption of complete 
combustion and for dissociat ion of carbon dioxide and 
water at the maximum temperature and pressure using 
Bjerrum's dissociation values (reference 12, p. 264) 
that check with the free-energy equations of Lewis and 
Randall (reference 7). After these computations 
were made, new values for thermodynamic quantities 
calculated from spectroscopic data were published 
(reference 13); the maximum pressures attainable were 
then recalculated using these values bill the same 
results were obtained. Since the specific heats intro- 
duce an error of at least 10 percent in the calculations 
in addition to the error introduced by neglecting the 
heat loss, the experimental values obtained show good 
agreement with the calculated ones. The calculated 
values point out the variation to be expected with 
temperature. 

It will be noted that for the explosions with short 
time intervals between injection and spark, the ratios 
of maximum to initial pressure fall far short of the 
theoretically attainable ones. For these explosions 
the ratio also increases slightly with temperature. 
These results are not surprising and merely indicate 
that distribution and vaporization play a significant 
part. The fact that density is much more effective 
than temperature in raising the P ma x/Pi ratio may be 
correlated with the fact that density is much more 
effective than temperature in improving distribution. 
In the whole series the greatest effect of temperature 
occurs with a change from 100° to 150° C. at the lowest 
air density (5 atmospheres at 100° C.) where distribu- 
tion is very poor. (See table I.) 

It has already been observed that, regardless of the 
air density, no explosion would occur at 100° C. when 
the usual procedure of allowing 5 minutes to elapse 
between injection and spark was followed. It was 
thought that the vapor pressure of the fuel at this 
temperature might be too low, which would result in 
the formation of a mixture that was too lean to ignite. 
Calculations were made that yielded a value of 100 
mm of Hg for the vapor pressure of bydrogenated 
safety fuel at 100° C. The calculations were based 
on empirical equations presented by Miss Elizabeth 
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A Id rich (paper presented at the S. A. E. summer 
meeting, 1932, entitled '"The Vapor Pressures of 
Automotive Diesel Fuels"). If a molecular weight of 
L36 is assumed (this value corresponds to a formula 
( 1 i„H,, ; and agrees well with the percentage composi- 
tion and lies in the correct boiling range for the pure 
hydrocarbons ('lull- and C l( £L u ) } the quantity of fuel 
that can be vaporized is 0.365 gram. This value 
corresponds to an air-fuel ratio of 23.3 at the highest 
density, w hich is beyond the value of 20.7 that marks 
the limit of ignition even at 200° C. Furthermore, 
the limit of ignition has been found to change with 
temperature, decreasing to 18.4 at 150° C, so that 
the possibility exists that at 100° C. a richer mixture 
than one with an air-fuel ratio of 15 would be required 
for ignition. From tlx 4 \apor-pressure calculations it 
is seen that only at an absolute pressure of 5 atmos- 
pheres could a mixture richer than one with air/fuel = 
15 be obtained: it was found that with an air-fuel 
ratio of 12.5 an explosion would occur with a delay 
period of 5 minutes at an initial temperature of 100° C. 

Further calculations were made, using the equations 
given by Miss A Id rich, and it was found that at 150° C. 

approximately L.5 grams of fuel could be vaporized in 
the bomb. A combustible mixture could therefore 
always be obtained at (his temperature. 

At temperatures of 150° C. or greater, ignition 
would take place with any time interval between in- 
jection and spark greater than 0.003 or 0.004 second. 
The effect of temperature on the maximum pressures 
n in! on the time of reaction was greater at the lower 
temperatures. Reeause of the contradictory data and 
the differences in experimental method of investiga- 
tors in the field, it is difficult to interpret t he signifi- 
cance of the effect of temperature. Mardles (refer- 
ence 14) found an interesting correlation between the 
temperature coefficient of the nonflame oxidation and 
the knocking tendency of the fuel, A brief review of 
the effect of initial temperature found by other investi- 
gators will be found in reference 15. 

EFFECT OF DENSITY 

From physical considerations the most significant 
effect of air density is probably its influence on the 
distribution of the fuel. Lee (reference 16) has shown 
that the distribution of the fuel within the spray 
becomes more uniform as the density of the medium 
increases. The continued appearance of spots of de- 
posited carbon on the walls of the bomb showed 
definitely that the sprays always impinged upon the 
walls; any increase in the density causing a corre- 
sponding decrease in the penetration would therefore 
improve the distribution throughout the bomb (refer- 
ence 17). 



Since the injection pressure is increased as the fuel 
quantity is increased, the atomization as well as the 
distribution is improved at the higher densities that 
correspond to the higher fuel quantities. The results 
are consistent with the expected improvement of dis- 
tribution and atomization because a greater precentage 
of the total fuel is burned (higher P max \Pi ratio) with 
increasing air density. The increased oxygen concen- 
tration at the higher densities would have no effect on 
the percentage of fuel burned, since the fuel concentra- 
tion is increased to the same extent. The implication, 
however, is that the effect of the density on the distri- 
bution in the liquid phase caused the continual increase 
in the pressure ratios {I } ma xll\) for the explosions with 
short 2\— Ti periods. The ratio P max /Pi for the 
delayed explosions decreased slightly as the density 
increased, which may be due to increased heat losses 
at the higher temperatures accompanying the higher 
pressures. 

As the air density was increased, the time of reaction 
increased under certain conditions and decreased under 
others. For the delayed explosions the reaction time 
always increased with density. For the explosions 
with short TV Ti periods an increase in air density 

from 5 to 10 atmospheres caused a decided decrease in 

reaction time, again probably due to the influence of 
density on distribution in this range. At an initial 
temperature of 100° C. a further increase in density 
to 1 5 atmospheres caused a further decrease in reaction 
time but, at the higher temperatures, consistent with 
the general tendency to approach the behavior of the 
delayed explosions, the reaction time increased with 
further increase in density. In figure 8, the reaction 
time is plotted against the density for both types of 
explosion. 

Kenning found both for methane-air explosions (ref- 
erence IS) and for air-fuel-vapor (petrol, hexane, and 
benzene) explosions (reference 19) that the explosion 
time increased with density, just as it did in the present 
experimental work for the delayed explosions. In 
exploding CO-air mixtures at high initial pressures, 
Bone and Townend (reference 12, p. 282) noted a 
similar effect on the time of reaction as the initial 
pressure is increased. They offer an explanation of 
this phenomenon in the form of an energy-absorbing 
effect of nitrogen, which they claim is vitiated by 
the presence of hydrogen. This explanation, however, 
is not completely satisfying even for CO-air explosions 
and excludes hydrocarbon-air explosions in contradic- 
tion to Fenning's as well as to the present work. 

AIR-FUEL RATIO 

The difference between the vapor-air explosions and 
t he liquid-vapor-air explosions is most clearly exhibited 
by the variation with air-fuel ratio of each type. For 
both types the air concentration was held constant. 
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In the homogeneous reactions (delayed explosions) 
the maximum pressure developed reached a maximum 
at an air-fuel ratio of 10. This maximum is beyond the 
theoretically correct mixture ratio of 15.6 and corre- 
sponds to an air-fuel ratio that is just sufficient to burn 
all the fuel to H 2 0 and CO. Dr. K. F. Seidell, of this 
laboratory, has calculated the over-all energy of acti- 
vation of the oxidation of safety fuel using the data at 
different air-fuel ratios. The calculations yielded a 
value of 31.1 kilogram-calories, which is of the correct 
order of magnitude. 

The leanest mixture thai will ignite varies with the 
IrmfxTature. As the limits of ignition two determined 
by the initial stage of the reaction, the initial tempera- 
ture is a significant variable. The limits corresponded 
to air-fuel ratios of approximately 23, 21, 18.5, and 
12.5 at temperatures of 250°, 200°, 150°, and 100° C, 
respectively. 

When the fuel was ignited 0.004 second after injec- 
tion, the air-fuel ratio varied from point to point in 
the bomb and only qualitatively may it be said that 
the air-fuel ratio increased as the fuel quantity in- 
creased. Jn the immediate neighborhood of the spark 
the mixture must have been richer than that indi- 
cated by ratio of the air and fuel quantities because 
ignition would occur with an apparent air-fuel ratio 
of 25. The true air-fuel ratio at the ignition limit 
for the vapor-air explosions was 21 under the same 
conditions (200° C, 6.3 atmospheres absolute pressure). 
On the other hand, ignition could not be effected 
at an apparent air-fuel ratio of 5, although the vapor- 
air mixtures would explode at this ratio. 

As the fuel quantity was increased in the hetero- 
geneous mixtures at 200° C, the maximum pressures 
developed upon explosion continuously increased and 
the time of reaction continuously decreased. The 
pressure rise per gram of fuel, however, decreased as 
the fuel concentration increased, probably because 
of poor distribution. The highest P ma x/Pi ratio 
attained was 4.75 at an apparent air-fuel ratio of 7.5, 
but it is obvious that even in this case all the available 
oxygen was not consumed. 

CONCLUSIONS 

From the results obtained it must be concluded 
that the extent and rate of combustion of a fuel 
injected in the liquid state, particularly at low air 
temperatures and densities, are dependent upon the 
distribution and the condition of the fuel at the mo- 
ment of ignition. At high air temperatures and den- 
sities, a marked similarity exists in the course of com- 
bustion of liquid fuel injected into the bomb and 
ignited immediately and that of a fuel allowed to 
vaporize completely before ignition. 



Langley Memorial Aeronautical Laboratory, 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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to axis) 
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Designa- 
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Absolute coefficients of moment 

M 



L, ~gbS 
(rolling) 



Cm ~qcS 
(pitching) 



(yawing) 
4. PROPELLER SYMBOLS 



Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 



D, Diameter 

p, Geometric pitch 

p/D, Pitch ratio 

V, Inflow velocity 

V„ Slipstream velocity 

T, Thrust, absolute coefficient C T 

Q 9 Torque, absolute coefficient <7 0 = 



T 

P n 2 D- 

Q 

on 2 !? 

5. NUMERICAL RELATIONS 



P, Power, absolute coefficient C P =* pn zjyi 

5 IpV* 

C t , Speed-power coefficient = -p^- 2 
77, Efficiency 

n, Revolutions per second, r.p.s. 

Effective helix angle = tan" 1 (^^) 



1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 



1 lb. = 0.4536 kg. 

1 kg -2.2046 lb. 

1 mi. = 1,609.35 m = 5,280 ft. 

1 m = 3.2808 ft. 



